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Abstract. Theory predicts that the balance of nutritional needs, food availability, and
the quality of particular food items are important factors in the feeding decisions of om-
nivorous animals. In this study we investigate factors that affect the feeding decisions of
an omnivorous thrips (Frankliniella occidentalis) that eats both animal prey and plant
foliage. In the presence of prey (mite eggs), adult and larval thrips consumed nearly half
the amount of plant tissue as did thrips without prey. We manipulated host-plant quality
by exposing plants to spider mite feeding. In the absence of prey, systemically induced
plant responses following herbivory reduced the amount of feeding by thrips compared to
that on uninduced control plants. In the presence of prey, induced responses caused a shift
in the feeding preferences of thrips: thrips consumed half the amount of plant material and
twice the number of prey on induced plants as did thrips on uninduced control plants. Our
findings are relevant to understanding the complex factors that shape food-web interactions
in nature. Variation in host-plant quality and availability of prey can exert a strong influence
on the feeding preferences of omnivores. In addition, induced resistance may be a partic-
ularly useful biological-control strategy because it reduces herbivorous pest populations
directly, and indirectly by causing a shift toward predation in naturally occurring omnivores.
Key words: biological control; cotton; Frankliniella; Gossypium; herbivory; induced plant re-
sistance and omnivory; omnivore diet choices; omnivory and prey availability; plant–insect interac-
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INTRODUCTION
Omnivory is considered a common feature of natural
and managed communities (Polis et al. 1989, Polis
1991, Rosenheim et al. 1995, Naranjo and Gibson
1996, Polis and Winemiller 1996). Surprisingly, we
have little information on how omnivores decide which
food groups to consume. Theory and some evidence
suggests that alternative food items have differential
nutritional values for omnivores, and that feeding on
more than one trophic level may act to balance an om-
nivore’s diet (Schoener 1971, Westoby 1978, Mc-
Murtry and Rodriguez 1987, Bazely 1989, Polis et al.
1989, Bjorndal 1991). Evidence from omnivorous
thrips, heteroptera, and phytoseiid mites suggests that
the fitness of omnivores may be strongly affected by
the quality and availability of various plant tissues and
prey items (McMurtry and Rodriguez 1987, Trichilo
and Leigh 1988, Alomar and Wiedenmann 1996, Coll
1996, McMurtry and Croft 1997, Milne and Walter
1997). In addition, the seasonal or local availability of
food and the quality of food items may also influence
feeding choices of omnivores. The complexity of food
choice by omnivores is poorly understood. In partic-
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ular, it is unknown if omnivores mix their diets pri-
marily to fit nutritional needs or because they consume
whichever high-quality food items are available (Wes-
toby 1978).
Omnivores have often been implicated in the success
of biological control (Wilson et al. 1991, Rosenheim
et al. 1995, Alomar and Wiedenmann 1996, McMurtry
and Croft 1997). In one study, enhancement of three
omnivorous insects led to suppressed populations of
herbivorous spider mites and increased reproduction of
cotton plants (Agrawal and Karban 1997). On the other
hand, plant feeding by omnivores can result in large
negative effects for the plant. For example, flower
thrips (Frankliniella spp.) are considered a serious pest
in many systems (Robb and Parrella 1991, Grazia-Tom-
masini 1995), while in others they are important agents
of biological control (Trichilo and Leigh 1986, Wilson
et al. 1996, Agrawal and Karban 1997, Milne and Wal-
ter 1997). An important unanswered question is how
omnivores make feeding decisions between plants and
prey. Although variation in plant quality may affect
plant feeding by omnivores (Trichilo and Leigh 1988,
Coll 1996, Coll and Izraylevich 1997, De Kogel et al.
1997), previous studies have not manipulated intra-
specific plant quality and investigated the effects on an
omnivore’s consumption of plants vs. prey.
Induction of plant resistance by herbivory is a source
of intraspecific variation in plant quality that may be
frequently encountered by plant-visiting arthropods.
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FIG. 1. Larval western flower thrips feeding on a spider
mite egg on a cotton leaf. The thrips is ;2 mm long. Photo
courtesy of Jack Kelly Clark and the University of California
Statewide IPM Project; printed with permission of the Uni-
versity of California.
Induced resistance to herbivores has been documented
in over 100 plant–herbivore systems, and appears to
be a common feature in a diverse array of plants (Kar-
ban and Baldwin 1997). The effects of induced resis-
tance can be manifested as reduced performance and/
or preference of herbivores feeding on previously dam-
aged plants. In the presence of high herbivore pressure,
induced resistance can increases plant fitness compared
to uninduced controls (Agrawal 1998). Omnivores may
also be affected by induced plant responses to herbiv-
ory. We predict that where induced resistance reduces
plant quality for omnivores, they will shift their feeding
preferences from plant material to consume more prey
items if they are available.
In this study we investigated how prey availability
and induced plant responses to herbivory affect the
feeding decisions of the omnivorous western flower
thrips, Frankliniella occidentalis (Fig. 1). Specifically
we asked the following questions: (1) In the presence
of prey do thrips consume less plant material than in
the absence of prey? (2) Do induced plant responses
cause a reduction in the amount of plant feeding in the
absence of prey? and (3) In the presence of prey, do
induced responses cause a shift in the feeding prefer-
ences of thrips from plant material to prey?
MATERIALS AND METHODS
Cotton plants (Gossypium hirsutum var. Acala SJ-2)
were grown in 125-mL pots in greenhouse soil (U.C.
Mix [Redi Gro, Sacramento, California, USA]) in a
growth chamber maintained at 278C with a 16:8 light :
dark cycle. Western flower thrips were obtained from
a colony maintained on beans, and spider mite eggs
were obtained from a colony of Tetranychus pacificus
maintained on cotton seedlings. Spider mite eggs were
collected using methods described in detail by Scriven
and McMurtry (1971). In short, infested cotton seed-
lings were put in a water bath with a few drops of
bleach to dissolve the mite webbing and release the
mites into suspension. The water was then passed
through a series of four mesh-lined containers. The
mesh size sequentially decreased to catch leaves, adult
mites, immature and male mites, and eggs, respectively.
Eggs were transferred from the container and collected
on filter paper by using a Buchner funnel.
Omnivory in the absence of induced responses
The first experiment was designed to test if the pres-
ence of prey affected the amount of plant feeding by
thrips. In no-choice tests, we offered individual thrips
one cotton cotyledon with or without five mite eggs
placed on the cotyledon. The youngest (clear) eggs
were chosen to minimize hatching during the experi-
ment. On leaves with prey, each egg was transferred
to a small area near the base of the leaf using a moist-
ened fine paintbrush. Thrips were sealed with the leaf
on moistened filter paper in a 90-mm-diameter petri
dish and left for 3 d. The cotyledons remained turgid
and mite eggs did not hatch. We then counted the num-
ber of feeding scars left by the thrips. Each scar was
defined as an ;1 mm2 area of silvery tissue. Thrips
feed on cell contents, and leaf damage was discrete and
easily quantified using a dissecting microscope. The
number of prey (mite eggs) consumed was also quan-
tified on the treatment leaves with prey. This experi-
ment was conducted four times, twice with first-instar
thrips and twice with adult thrips (n 5 15 samples for
each treatment, each trial). The amount of plant feeding
between treatment groups was compared using a two-
factor analysis of variance with treatment (presence of
prey) and trial as the main effects.
Induced responses in the absence of prey
The second experiment was designed to test if thrips
were susceptible to induced host-plant changes caused
by initial spider mite feeding. In California, thrips and
spider mites often co-occur early in the season on
young cotton plants (Agrawal and Karban 1997). Cot-
ton plants were grown until the cotyledons had ex-
panded and then they were randomly divided into two
groups: (1) plant inoculated with 20–30 Tetranychus
turkestani spider mites, or (2) undamaged control
plants. In previous experiments, T. turkestani was
found to be a potent inducer of resistance in young
cotton plants (Karban and Carey 1984). After 3 d of
feeding, all mites were killed using a non-systemic mi-
ticide (dicofol, Kelthane [Rohm and Haas, Philadel-
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FIG. 2. Number of feeding scars left by western flower
thrips on cotton cotyledons without prey or with five spider
mite eggs in a no-choice experiment. First-instar and adult
thrips were assayed. Data shown are means 6 1 SE.
TABLE 1. ANOVA results for the effects of presence of prey
on (A) larval and (B) adult plant feeding by thrips.
Source of variation df MS F P
A) Larval
Treatment
Trial
Treatment 3 trial
Error
1
1
1
56
277.350
252.150
16.017
11.476
24.339
22.128
1.406
,0.001
,0.001
0.241
B) Adult
Treatment
Trial
Treatment 3 trial
Error
1
1
1
56
38.400
,0.001
,0.001
8.144
4.632
,0.001
,0.001
0.036
1.000
1.000
phia, Pennsylvania, USA]). Plants treated with mites
as well as controls were dipped in the miticide. At this
stage, the first true leaf was only a bud. After 7–10 d
of growth, when the first and second true leaves had
expanded, the plants were fed to thrips. The first and
second true leaf from each plant was excised using a
razor blade and each leaf was placed in a petri dish on
moistened filter paper. Leaves were inoculated with one
first-instar thrips and the thrips were allowed to feed
for 3 d, after which time the number of feeding scars
was quantified. If the thrips was missing or died without
feeding, it was omitted from the analysis. This exper-
iment was conducted twice with n 5 12–17 plants for
each treatment, each trial.
Mortality of thrips on control and induced plants was
compared using a chi-square test. The amount of feed-
ing was compared using a two-factor multivariate anal-
ysis of variance (MANOVA), with treatment (induc-
tion) and trial as the factors, and number of feeding
scars on leaf one and leaf two as the response variables.
We employ the MANOVA approach because we col-
lected thrips feeding data on two non-independent
leaves of the same plants. Previous experiments (Kar-
ban and Thaler 1999) and ours (see Results) find that
as cotton plants mature, subsequently formed true
leaves are more resistant to herbivores than older true
leaves. The second true leaf was not always fully ex-
panded and was therefore not used; our replication was
thus slightly reduced because MANOVA requires that
all response-variable cells be filled for each sample.
Induced responses and omnivory
The goal of this experiment was to determine if in-
duced plant responses would affect the feeding pref-
erences of thrips when thrips were given a choice be-
tween plant tissue and prey. The setup of this experi-
ment was identical to the experiments conducted on
induced resistance in the absence of prey, except that
all leaves were inoculated with five spider mite eggs.
First-instar thrips were allowed to feed for 4 d, after
which the feeding scars and the number of eggs con-
sumed were quantified. This experiment was conducted
twice with n 5 17–26 first and second true leaves for
each treatment, each trial. We tested for effects of treat-
ment (induction) and trial using a two-factor MANO-
VA, with the number of feeding scars and the number
of eggs consumed on the first and second true leaves
as the response variables. Feeding scars and the number
of eggs consumed were paired as response variables
because they are not necessarily independent.
RESULTS
Prey availability affected leaf feeding by thrips. In
the presence of prey (mite eggs), both adult and larval
thrips consumed prey, but consumed nearly half the
amount of plant tissue as they did on control leaves
without prey (Fig. 2, Table 1). First-instar thrips con-
sumed 0.40 6 0.13 mite eggs (mean 6 1 SE) and adults
consumed 1.6 6 0.29 mites eggs in the treatment where
they were available.
Induced resistance also affected performance of
thrips and the amount of plant feeding vs. animal feed-
ing that they exhibited. In the absence of prey, induced
resistance nearly doubled the mortality of thrips from
24% on controls to 43% on induced plants (x2 5 3.865,
P , 0.05). In addition, on leaves that received some
damage, induced resistance significantly reduced the
amount of plant feeding by .30% on both the first and
second true leaves in the absence of prey (Fig. 3, Table
2A). This effect was due to a combination of reduced
tissue loss from both mortality of thrips and reduced
per capita feeding. In the presence of prey, induced
resistance caused a shift in the feeding preferences of
the thrips (Fig. 4, Table 2B). Induction caused a near-
50% reduction in plant feeding and a doubling of egg
consumption by thrips compared to that on uninduced
controls.
DISCUSSION
Western flower thrips are often found co-occurring
with spider mites on young cotton plants in California,
and on this crop it is believed that their role as predators
of spider mites is far more important than as herbivores
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FIG. 3. Number of feeding scars left by western flower
thrips on cotton leaves from control plants or from plants that
were induced by exposure of the cotyledons to spider mites
in a no-choice experiment. No prey were present in this ex-
periment. The first and second true leaf from each plant was
assayed. Data shown are means 6 1 SE.
TABLE 2. MANOVA results for the effects of induced re-
sistance on (A) plant feeding by thrips in the absence of
prey and on (B) plant feeding and prey consumption when
both plants and prey were available.
Source of variation Wilks l df F P
A) Plant consumption
Treatment
Trial
Treatment 3 trial
0.762
0.703
0.934
2, 41
2, 41
2, 41
6.389
8.668
1.442
0.004
0.001
0.248
B) Plant and prey consumption
Treatment
Trial
Treatment 3 trial
0.619
0.888
0.796
4, 38
4, 38
4, 38
5.857
1.197
2.437
0.001
0.329
0.064
FIG. 4. Numbers of feeding scars and eggs consumed by
western flower thrips on cotton leaves from control plants or
from plants that were induced by exposure of the cotyledons
to spider mites in a no-choice experiment. All leaves were
inoculated with five spider mite eggs. The first and second
true leaf from each plant was assayed. Data shown are means
6 1 SE.
(Gonzalez and Wilson 1982, Trichilo and Leigh 1986,
1988, Wilson et al. 1991, Agrawal and Karban 1997).
We have demonstrated that both availability of prey
and plant quality can have consequences for feeding
in this omnivorous thrips. In the presence of prey (mite
eggs), thrips mixed their diet between prey and plant
material. Because the thrips did not exclusively feed
on prey or plant material when given a choice, our
results are consistent with the hypothesis that omnivory
helps to meet nutritional needs of animals.
We found that induced plant responses caused by
spider mite feeding reduced the amount of plant feeding
by thrips when prey were not available. To our knowl-
edge this is the first report of the effect of induced
responses on omnivores. It is unknown whether thrips
feeding itself may induce resistance in plants. However,
if it does, such induction may itself feed back to cause
changes in the feeding preferences of the thrips.
We found that in the absence of prey, thrips mortality
was higher on induced plants compared to that on con-
trols. However, in the presence of prey, thrips expe-
rienced very little mortality on induced plants and they
ate less plant material and more prey compared to that
on uninduced plants. At this stage it is unclear if prey
quality also changes on induced plants. Although spi-
der mites are generally not thought to sequester plant
secondary compounds, if induced phytochemicals are
inside of mites passively, then predators may also be
exposed to these compounds. Induction may reduce
plant as well as prey quality, and the resulting effect
on the feeding preferences of the omnivore are ambig-
uous.
In field experiments with cotton, we also found that
induced responses following initial spider mite herbiv-
ory significantly reduced natural populations of thrips
compared to those on control plants (A. A. Agrawal,
R. Karban, and R. G. Colfer, unpublished manuscript).
Similarly, in tomato fields we found that induced re-
sistance stimulated by application of the natural plant
elicitor jasmonic acid reduced thrips populations com-
pared to those on control plants that were not induced
(J. S. Thaler, M. J. Stout, R. Karban, and S. S. Duffey,
unpublished manuscript). In these experiments, it was
not determined if induction caused thrips to leave in-
duced plants or whether thrips experienced reduced fe-
cundity and increased mortality. In addition, in the ex-
periments with cotton plants, induction had a direct
negative effect on spider mite populations; thus, we
were unable to detect the effect of induction on prey
consumption by thrips because induction was con-
founded with reduced prey availability (A. A. Agrawal,
R. Karban, and R. G. Colfer, unpublished manuscript).
In addition to the direct effects of induction on mul-
tiple plant attackers (Karban and Carey 1984, Karban
1986, 1988, Karban et al. 1987, A. A. Agrawal, R.
Karban, and R. G. Colfer, unpublished manuscript),
there are also several potential indirect benefits of in-
duction (Karban et al. 1997, Karban and Baldwin 1997,
Agrawal and Karban 1998). For example, induced re-
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sponses may be beneficial to plants because they attract
predators and parasites of herbivores in many systems
including cotton (Drukker et al. 1995, Rose et al. 1996,
Takabayashi and Dicke 1996, Shimoda et al. 1997).
Induction may promote dispersed herbivory on plants,
which could be less damaging than concentrated dam-
age (Edwards and Wratten 1983, Marquis 1992, 1996).
Our experiments demonstrate an additional novel ben-
efit of induction: induced responses influenced an om-
nivorous thrips to prey on more spider mite eggs, while
feeding less on the cotton leaves compared to thrips
on uninduced control plants. In other words, induced
responses to herbivory may not only reduce pest pop-
ulations directly, but also indirectly by causing om-
nivores to increase predation. We predict that where
induction of resistance reduces plant quality for om-
nivores they will shift their feeding preferences away
from herbivory towards carnivory.
Many plant factors may influence the degree of om-
nivory. For example, pollen availability is often im-
plicated in the success of phytoseiid mites as predators
(McMurtry and Rodriguez 1987, McMurtry and Croft
1997). Gonzalez and Wilson (1982) observed that late
in the growing season of cotton, thrips inhabited flow-
ers and were less effective predators of spider mites.
Pollen may be a better food source for thrips than
leaves, and the availability of alternative foods and
food quality may affect the late-season control of spider
mites in this system. Eubanks and Denno (1997) have
recently reported similar findings in an experimental
system involving bean plants, several herbivores, and
omnivorous big-eyed bugs (Geocoris spp.). In their
studies, the availability of high-quality bean pods re-
sulted in a shift away from predation by big-eyed bugs
and a net increase in populations of their aphid prey.
In our own experiments with big-eyed bugs on cotton,
we did not find that decreased host-plant quality (in-
duced resistance) affected bug populations (A. A.
Agrawal, R. Karban, and R. G. Colfer, unpublished
manuscript). This may be related to the fact the om-
nivorous bugs are primarily predaceous, feed mini-
mally on phloem or xylem (Armer et al. 1998), and
rely less on plant material than omnivores such as
Frankliniella occidentalis. Alternatively, plant re-
sources may be important for these omnivores, and they
may or may not compensate for reduced plant quality
by consuming more prey. Especially in cases where
eggs of primarily predaceous omnivores, such as Orius
spp., are laid in the plant tissue, induced resistance may
have a strong negative impact on omnivores. Ulti-
mately, the effects of plant and prey quality on om-
nivory will depend on the food requirements and sen-
sitivity of the animals involved (see also Coll and Izray-
levich [1997]). We believe this to be an exciting and
important area of research for both community ecology
and agroecology. At this stage, however, there are too
few documented cases of variation in the feeding pref-
erences of omnivores for different foods to generalize
patterns.
Although the static qualities of plants and prey items
will likely be a factor in feeding decisions of omni-
vores, intraspecific plant variation may exert a finer
scale and potentially important influence on such feed-
ing decisions. If induced plant resistance makes om-
nivores more likely to consume prey rather than plant
material, biological control strategies that incorporate
induced resistance could be synergistically enhanced
by omnivores feeding on herbivorous pests. Omnivores
are common and abundant components of the natural
arthropod fauna of many systems. Manipulation of
plant quality by induced resistance and other methods
may be an excellent strategy not only to reduce plant
feeding by omnivores, but also to increase their control
of herbivorous pests. In natural systems where omni-
vores are also common, subtle differences in plant qual-
ity may determine the vertical and horizontal impact
of omnivores in food webs.
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